[1] Colloid transport was studied at the pore scale in order to gain insight into the microscale processes governing particle removal. Monodisperse suspensions of colloids and water-saturated micromodels were employed. Experiments were carried out for different particle sizes, grain surface roughness, solution ionic strength, and flow rates. Straining and attachment were observed and measured by tracking the trajectory and fate of individual colloids using optical microscopy. Classical filtration theory proved appropriate for throat to colloid ratios (T/C) larger than 2.5 but did not take into account the possibility of straining that becomes an important capture mechanism for smaller T/C ratios. Spatially within the porous medium, straining occurred within the first 1-2 pore throats, while interception and attachment was seen from the inlet to the first 6-10 pore spaces, depending on particle size. Once a particle passed the initial region, the probability of attachment was very small. Colloid attachment increased with increasing solution ionic strength or decreasing flow rate, whereas straining was mainly independent of flow rate. Surface roughness of the grains also played a significant role in colloid capture, increasing collision efficiency by a factor of 2-3. The mechanisms of removal and the spatial distribution of colloid retention differed noticeably as a function of the T/C ratio. Micromodel visualizations clearly showed that physical straining and the effect of surface roughness should be taken into account when predicting the transport of colloids in saturated porous media.
Introduction
[2] The presence of microbial pathogens in water supplies is one of the main public health concerns worldwide. In order to satisfy high-quality guidelines, water utilities apply different technologies to the treatment of water. Among these technologies, increasing attention has been paid to the use of soil and other porous media to remove pathogens and diverse colloids. Sand filters, bank filtration, dune recharge, deep bed filters have been proposed as potentially reliable methods for attenuation of microbial contaminants [e.g., Fogel et al., 1993; Timms et al., 1995; Swertfeger et al., 1999; Logan et al., 2001; Hijnen et al., 2004; Stevik et al., 2004] . Processes taking place within the porous media such as adsorption, dispersion, filtration and biodegradation contribute to microbial attenuation. The advantages of these systems include their innocuousness, efficiency and generally low cost. Removal efficiencies of 99.9% for virus, bacteria and protozoa cysts are achievable [Logan et al., 2001; Brissaud et al., 2003] . Such high attenuation is particularly important in the case of parasites such as Giardia and Cryptosporidium. Because of their cyst protection, these enteric protozoa are resistant to most chemical disinfectants, including chlorine [e.g., Korich et al., 1990; Campbell et al., 1982] and therefore the use of soil filtration is a promising removal treatment. However, an accurate knowledge of the mechanisms governing the transport and filtration of pathogens is needed in order to develop predictive models for pathogen removal in these settings.
[3] The increasing use of ''reclaimed'' water as a source of aquifer recharge [e.g., Tompson et al., 1999; Tanaka et al., 1998; Karimi et al., 1998] , with the potential for some residual microbial pathogens, makes it particularly important for water resources managers to understand the processes involved in colloid removal at all scales. In addition to the concern with pathogenic biocolloids, there are also questions regarding the transport of beneficial biocolloids for bioremediation, as well as other colloids that may be transporting contaminants, or catalysts to perform a desired reaction.
[4] Given their size, microbial pathogens are referred to as biocolloids [Bales et al., 1997] , so that the colloid transport equations can be applied to the study of their migration in porous media. The fate and transport of pathogenic microorganisms in the subsurface are controlled by several processes, including advection, dispersion, physicochemical filtration, straining, inactivation, dilution, and possibly grazing by higher trophic levels. Among the mechanisms of colloid transport, straining and physico-chemical filtration play a significant role in the removal of microbes from the pore fluid. Straining is the trapping of colloids in pore throats that are too small to allow their passage [Corapcioglu and Haridas, 1984; McDowell-Boyer et al., 1986 , Ginn et al., 2002 . Recent studies showed that the importance of straining on colloid transport has been underestimated in the past [Bradford et al., 2002 [Bradford et al., , 2003 . Physicochemical filtration involves three main mechanisms by which the particles reach the solid water interface: interception, Brownian diffusion and gravitational sedimentation.
[5] Filtration theory has been commonly used to describe the transport of colloids in porous media. The theoretical framework was put forward by Yao et al. [1971] and Rajagopalan and Tien [1976] and has since been refined by several authors, in particular by Rajagopalan et al. [1982] . In this approach, the removal rate of particles is expressed in terms of a single collector efficiency, h, and attachment efficiency, a. The single collector efficiency is defined as the ratio of the number of successful collisions between particles and a filter media grain to the total number of potential collisions in the projected cross-sectional area of the media grain. It represents the physical factors determining collision. The attachment efficiency is the probability that such collisions will result in attachment and represents the physicochemical factors that determine colloid immobilization. On the basis of experimental evidence at the macroscale, have recently proposed the following refined correlation to estimate the probability of collision: The three terms correspond to interception, diffusion and gravitational deposition respectively. Aspect ratio (N R ), Peclet number (N Pe ), van der Waals number (N vdW ), attraction number (N A ) and gravity number (N G ) are dimensionless parameters defined as:
where D 1 = colloid bulk diffusion coefficient, estimated from the Stokes-Einstein equation [Russel et al., 1989] , A = Hamaker constant (3 Â 10 À21 to 4 Â 10 À20 J), and d p = particle diameter (m), d g = collector diameter (m), g = gravitational acceleration (9.81 m/s 2 ), m W = fluid viscosity (kg/m s), U = fluid approach velocity (m/s), and r p = particle density (kg/m 3 ), r f = fluid density (kg/m 3 ), k B = Boltzmann constant (J/K), T = temperature (K), A s is a porosity-dependent parameter of the Happel sphere-in-cell model [Happel, 1958; Logan et al., 1995] :
where q is porosity (dimensionless).
[6] Figure 1 illustrates the theoretical values of h as a function of particle size calculated according to equation (1), considering biocolloids with r p = 1,050 kg/m 3 . These calculations reveal that removal mechanisms are highly influenced by colloid diameter. Microbes that are submicron in size (e.g., viruses) are transported to grain particles by Brownian diffusion. For such particles, removal efficiency decreases as particle size increases, since small particles diffuse faster than large ones. Microbes with a diameter larger than about a few microns (e.g., protozoan cysts) are removed by interception. Removal efficiency of such particles increases as microbial size increases, because larger particles are more easily intercepted by the filter medium. Removal efficiency is lowest for microbes with a diameter of about 1 mm such as bacteria. The effect of gravity is insignificant for most microorganisms because their density is similar to that of water, unless they are associated with dense particles (e.g., clays) [LeChevallier and Au, 2004] .
[7] The objective of this study was to investigate the importance of different processes involved in the removal of colloids in porous media using saturated micromodels and to test the validity of equation (1) at the pore scale. We choose the microscale because it allows direct visualization of the transport phenomena and their spatial distribution at the pore scale. A soft photolithography technique was employed to fabricate the micromodels using transparent polymers as materials [Auset and Keller, 2004] . Micromodel fabrication with polymers is faster, less fragile and less expensive than micromodels made of glass or silicon. Moreover, many identical micromodels can be produced with high precision from one mold. The transparency of the polymers allows direct microscopy observation of colloid transport processes. The micromodels are essentially twodimensional with a specific pore size distribution. We examined the effect of particle size, surface roughness of the grains, solution ionic strength and flow rate conditions.
Material and Methods

Colloids
[8] Monodisperse suspensions of spherical polystyrene latex particles (Duke Scientific Corporation, Palo Alto, CA, USA) with a mean diameter between 3 and 7 mm were used as model colloids in this work. The particles contain surface functional groups of sulfate (SO 4 À ) and are negatively charged with a surface charge of 5 to 15 mequivalents/g, per the manufacturer. The ionic strength was controlled by adjusting the concentration of KCl in solution (0, 10 À3 , 10
À2
, 10 À1 M). The electrolytes were prepared with analytical reagent grade KCl salt and distilled deionized water. The latex suspensions were diluted to a concentration of 10 6 particles/mL. The density of the particles is 1.05 g/cm 3 .
Micromodels
[9] The experiments were conducted in physical micromodels containing a homogeneous pattern of pore networks.
The design of the pore space in the micromodels was created using Computer Aided Design and printed on a high-resolution transparency. The transparency was used as a mask to etch the pattern on a silicon wafer, using photolithography. The resulting two-dimensional pattern was transferred to PDMS (polydimethylsiloxane). Details of the procedure for constructing the micromodels are described by Auset and Keller [2004] . Two micromodel designs were created; one with relatively smooth grain surfaces (micromodel A) and one with notable surface roughness (micromodel B). Scanning electron micrograph (SEM) images of both micromodels are presented in Figure 2 . The etching process was controlled to produce micromodels with a constant depth of 15 mm. The micromodel depth was measured using a high-resolution profilometer. Micromodel A has pore throat widths on the order of 7-9 mm and grain diameters of 35 mm. Micromodel B has pore throat widths of 6 -8 mm (bottom surface) and 15-20 mm (top surface). The porosity of the micromodels was estimated to be 0.38. It was calculated using the ratio of measured pore void area to total area. The areas were estimated from the CAD design.
Experimental Setup and Procedures
[10] The micromodel was placed horizontally under the objective of an epi-fluorescent microscope (Nikon Optiphot-M) equipped with a charge-coupled device (CCD) camera (Optronics Engineering) mounted directly onto the eyepiece and capturing at a frequency of 60 frames/s. The signal from the camera was fed simultaneously to a Sony Trinitron monitor that allowed displaying real-time movement of the colloids and to a digital camera (Sony Digital Handycam) for monitoring and recording the experiments.
[11] The study was conducted under water-saturated conditions. Before initiating a colloid transport experiment at a given ionic strength, the micromodel was fully saturated with the corresponding solution. At least 10 pore volumes of the solution were flushed through the model to remove any air bubbles. After steady state flow was established, the colloidal suspension was injected into the saturated micromodel. A 10 mL glass syringe (number 1010, Hamilton Co., Reno, Nevada) was used to inject the colloidal suspension. An adapter (Intramedic 427565 gauge 23) and 1 mm external diameter polyethylene tubing (Intramedic 427410) connected the syringe to the micromodel. The applied flow velocities were varied from 5 Â 10 À5 to 7 Â 10 À4 m/s, corresponding to 5-60 m/darcy (Darcy velocities). For a given experiment, the hydrostatic pressure was maintained constant by keeping the syringe supported at a specific elevation above the micromodel. The change in elevation of the solution was negligible given the ultralow flow volumes needed for a given experiment. Water velocity was estimated from the outlet flow, the porosity and the known cross sectional area.
[12] Monodisperse suspensions of homogeneous colloid size were injected separately, to monitor their removal behavior independently. The movement of the colloids was observed at 5X, 10X, and 20X magnification and recorded in real time with the digital camera.
Image Analysis Technique
[13] The migration and deposition of the particles was captured by video microscopy. Video image analysis was then performed using IDL 1 software (Interactive Data Language, by Research Systems, Inc). The micromodel setup allows direct measurement of the collision and attachment rates by counting the number of colloids entering the porous space and the number of colloids immobilized over time. Particle collision and attachment rates were determined for at least 500 individual colloids for each flow velocity, solution strength, surface roughness and colloid size. Theoretical collector efficiencies were calculated using equation (1).
Results and Discussion
Effect of Particle Size and Throat to Colloid Ratio
[14] Removal efficiency as a function of particle size was evaluated using the smooth micromodel (A). The overall retention (ratio of immobilized colloids to number of entering colloids) of the largest colloids (5 and 7 mm in diameter) suspended in distilled water was 95 and 99%, respectively for the first 50 pore volumes (PV). Straining occurred from the beginning of the inlet zone of the micromodel. Colloids accumulated in the first row of pore throats (Figures 3a and 3b) . Over time the pore throats became blocked with accumulating colloids, decreasing the fluid flow rate. After 120 pore volumes (PV), pore throat blocking caused a decrease in permeability which in turn reduced the average pore water velocity from 60 to 27 m/darcy for the 5 mm colloids, and 60 to 19 m/darcy for the 7 mm colloids. Blocked pores became dead end pores for subsequent colloids, although some water could pass through the blocked throat. A filter cake of colloids eventually formed adjacent to the inlet of the pore space. Although some straining of the 7 mm colloids was expected with 7 -9 mm pore throats, the experiments showed that an overwhelming fraction of these colloids were strained and very few colloids traveled even 2 -3 pore spaces into the porous medium. Even 5 mm colloids were strained to a large extent in the first or second pore throats, with relatively few colloids traveling further (Figure 3b) . Although sedimentation cannot be excluded, given the density and size of these particles this process is unlikely to be significant according to equation (1), and was not directly observed during the experiments.
[15] The experiments carried out with 4 mm colloids suspended in distilled water showed 51% particle retention within the entire micromodel for the first 50 PV (Figure 3c ). These percent retention values reflect the fact that the overall travel length was only 16 pore bodies; higher retention would occur if the number of pore bodies traveled before the particles exit the porous medium increased. The removal was caused by two mechanisms: straining and interception with attachment. These mechanisms took place simultaneously but with differences in their spatial distribution. Straining of the 4 mm colloids occurred within the first two inlet pore throats whereas interception and attachment occurred from the first to at least the sixth row of grains. Interception and attachment helped to increase straining since colloid attachment decreased the effective pore throat size. Initially the colloids accumulated in the central inlet pore throats and eventually clogged this region due to straining, forcing subsequent colloids to travel toward the outer pore throats, where straining and interception then proceeded as before until these pore throats clogged as well. The permeability of the porous medium decreased as a result of colloid accumulation, resulting in a decrease in average pore water velocity after 120 PV from 60 to 51 m/darcy.
[16] Only 6% of the 3 mm colloids were removed from the solution after 120 PV (Figure 3d ). Particle removal was essentially due to interception and attachment. No straining of 3 mm colloids was observed. The 3 mm colloids attached on a broader zone than the larger particles. We found colloids attached up to the tenth row of grains. Once a colloid traveled through several pore throats and bodies, it was likely to follow a streamline that would take it much further into the porous medium, decreasing the probability of interception significantly. No changes in permeability were observed. Colloid interception was mostly in the upstream region of each grain, with the highest probability of interception near the ''frontal lobe'' of the grain. No collision was observed due to diffusion or gravitational deposition, and the streamlines around the grains transported the colloids away from the downstream face of the grain.
[17] Our results showed that the mechanisms of particle removal differed greatly as a function of relative colloid size, i.e., the throat to colloid ratio (T/C). Straining was the main removal mechanism for a T/C < 1.8. For 1.8 < T/C < 2.5 the removal was due to two mechanisms: straining and interception with attachment. For T/C > 2.5 only interception and attachment was observed for particles !3 mm. The T/C ratio has already been shown to have an effect on the advection and dispersion of colloids in porous media [Sirivithayapakorn and Keller, 2003; Keller et al., 2004] .
[18] Strained colloids were irreversibly removed from the suspension for the duration of the experiments. As described above, their retention occurred near the micromodel inlet. Similar results have been observed in experiments at the macroscale. Working in 60 cm long sand columns, Logan et al. [2001] found the largest percentage of oocysts (4 -6 mm in diameter) closest to the infiltrative surface and that enumeration of oocysts in the region deeper than 10 cm was negative. Bradford et al. [2002 noticed that the finest sands exhibited the highest colloid mass fractions at the column inlet, or where there was a transition from high T/C to low T/C, going from coarser to finer sand grains. Bradford et al. [2004] , Darnault et al. [2004] , and , also observed that the majority of colloid and oocyst retention occurred in the sand adjacent to the column inlet.
[19] According to Bradford et al. [2002 Bradford et al. [ , 2003 , straining is a depth-dependent mechanism because straining near the porous media inlet will cause some dead-end pores, thus restricting mobile colloids to only the larger continuous pore networks. They hypothesize that the number of deadend pores decreases with increasing distance because size exclusion and/or limited transverse dispersivity tend to keep colloids within the larger networks, bypassing smaller pores.
[20] Figure 4 presents the collision efficiency obtained from our experimental observations and the solution of equation (1). Experimental collision efficiency decreased as flow velocity increased, as predicted by filtration theory. Equation (1) adequately predicts the collision efficiency of the 3 mm colloids at various flow rates but is in disagreement for larger particles. The discrepancy is due to the fact that the estimate of the single collector efficiency does not account for removal by physical straining. In contrast to colloid attachment, the process of straining has received relatively little research attention. Nevertheless, Harvey et al. [1993] observed that straining was more pronounced than theoretically predicted. Ryan and Elimelech [1996] noted serious discrepancies between calculated sticking [21] In most of the references found in the literature the process of physical straining is calculated on the basis of the relative sizes of the particles compared with the diameter of the grains with which they are interacting [Herzig et al., 1970; Corapcioglu and Haridas, 1984] , since determining the size distribution of the pore throats is quite challenging. Some studies suggested that mass removal by straining may take place when the diameter of the colloid is at least 5% of collector (grain) diameter [Sakthivadivel, 1969; McDowell-Boyeret al., 1986; Harvey and Garabedian, 1991] . Recently, Bradford et al. [2002 Bradford et al. [ , 2003 indicated that straining can occur for much lower values in particular when the ratio of the colloid to median grain diameter is greater than 0.005.
[22] However the physical parameter controlling the restriction on movement of colloids by entrapment within intergranular spaces is the size of the soil pore throats. Therefore a more rigorous approach to predict straining of colloids would be to compare the size of the colloid to the critical pore size, as noted by Matthess and Pekdeger [1985] . Since in natural conditions the size of colloids and soil pores vary over a wide range, it is necessary to consider the two size distributions. Thus an approach for estimating the probability of straining in a given porous medium would be to use the information from the capillary pressuresaturation relationship and Poiseuille's law to estimate the pore throat distribution and then calculate the corresponding T/C. The geometrical shape of the grains, which typically is not circular or spherical, should also be considered.
Surface Roughness
[23] Scanning electron micrograph (SEM) images of the grains and pore spaces of the two types of micromodels are displayed in Figure 2 . All other dimensions and surface chemistry characteristics are the same except for grain roughness. The SEM images reveal the differences in surface morphology between the two micromodels. While micromodel B exhibits notable surface roughness around the edges of the grains (seen as protrusions and rippled walls), the grains in micromodel A are relatively smooth.
[24] For the 3 and 4 mm colloids, statistically significantly higher collision efficiencies were observed in the rough micromodel than in the smooth micromodel ( Figure 5 ). Simply due to the increase in roughness, collision efficiency was more than 3 times higher in the rough micromodel for 3 mm colloids and almost two times for 4 mm colloids.
[25] These experiments show that surface roughness has a significant effect on the kinetics of particle collector interactions, most likely due to the effect of grain roughness on the hydrodynamics, altering the streamlines. Some authors have suggested that irregularity of the sand grain shape contributes to the straining potential of porous media . Figure 6 compares the spatial pattern of colloid deposition in the different micromodels. In micromodel A colloids were mostly deposited at the upstream stagnation point caused by a flow bifurcation, although some colloids did attach at other upstream locations, but not on the downstream side of the smooth grains. However, colloids in micromodel B were retained in wall crevices and irregular surface asperities all around the grains, contributing to higher colloid retention. The streamlines followed by a few particles have been highlighted in Figure 6 (right).
[26] The classical DLVO theory [Derjaguin and Landau, 1941; Verwey and Overbeek, 1948] for calculating the interaction energy (sum of double layer and van der Waals interactions) between a collector and a particle assumes that surfaces are smooth. According to this assumption, DLVO theory predicts that colloidal forces act normal to the surfaces of interacting bodies. In natural systems, however, surface irregularities always exist and the application of the DLVO theory to explain experimental observations in sands and naturals soils may not be adequate, or at least needs to take into account the effect of surface irregularities.
[27] It is important to emphasize this point since many colloid transport and filtration studies at the column scale have been carried out using smooth, spherical glass beads as packing media. Significant deviations from the single collector efficiency calculation will occur as more realistic rough grains are taken into account. At present, equation (1) does not address surface roughness.
Ionic Strength
[28] Collision efficiency also increased monotonically for all colloids in either micromodel as ionic strength increased from 10 À5 M to 10 À1 M ( Figure 5 ). The effect of ionic strength was more significant for the smooth micromodel, where collision efficiency increased by more than a factor of three for 3 mm colloids and a factor of 1.7 times for 4 mm colloids. In the rough micromodel, the increase in ionic strength resulted in an increase in collision efficiency of about 1.3 times for both 3 mm and 4 mm colloids. This difference in behavior between smooth and rough surfaces may reflect the fact that the rougher grains were already more efficient collectors at lower ionic strengths, and therefore some of the sites with high collision probability had already been occupied. These results are in qualitative agreement with the DLVO theory of colloidal stability [Behrens et al., 1998 ]. As the concentration of KCl in the background electrolyte solution increases, the availability of counterions increases, which results in a thickness reduction of the electric double layer. Consequently there is a decrease in the repulsive electrostatic forces between colloids and collector, allowing a closer approach to the micromodel surface by the colloids and resulting in increased deposition rates. Other investigators working in laboratory columns have observed a similar relationship between colloid deposition and ionic strength [Fontes et al., 1991; Kretzschmar et al., 1997; Li and Logan, 1999; Compere et al., 2001] . Increasing ionic strength was also observed to enhance the aggregation of colloids, leading to increased pore clogging and therefore enhanced capture.
Conclusions
[29] The use of transparent micromodels of porous media provides unequaled visualization at the pore scale of the mechanisms involved in the straining and filtration of colloids and the spatial distribution of these processes within the porous medium. The comparison between the modified single-collector filtration theory and our experimental observations at the pore scale indicate good agreement for T/C ratios larger than 2.5, but increasing deviations from single-collector theory for smaller T/C ratios. Filtration theory for these larger colloids needs to take into account the role of straining, which involves the interaction between two collectors and the particle. Therefore an accurate knowledge of the pore size distribution is needed for a proper prediction of the retention of colloids.
[30] In this simpler pore space physical straining is an important colloid capture mechanism for T/C < 1.8. It competes with interception in the range of 1.8 < T/C < 2.5. For T/C > 2.5, a modified single-collector efficiency model should give adequate results. Straining occurred within the first 1 -2 pore throats of the porous medium, while attachment was seen from the inlet to the first 6 -10 pore spaces. Once a particle passed the initial region, the probability of attachment was reduced significantly. In a longer medium, attachment would be expected to occur further downstream, but at lower rates than in the first few pore spaces.
[31] Surface roughness can be a very important factor in determining colloid collision efficiency. Collision efficiency increases with the roughness of the grains in the porous medium. The increase in collision efficiency can be a factor of 2 to 3. A grain shape factor in the second term of equation (1) (interception) could account for the influence of grain roughness on filtration. It is quite likely that the shape of the colloid will also play an important role in determining its straining and collision efficiency. Since many studies of filtration and collision efficiency have been carried out with smooth, spherical particles, there may be significant differences between the empirical relations and observed removal, when more realistic rough soil grains are considered.
[32] As predicted by DLVO theory, collision efficiencies increased with increasing solution ionic strength. The effect was more important for smoother grains than for rougher grains, in part because the rough grains were already better collectors at low ionic strength. The effect of increasing ionic strength was also more important for smaller colloids (3 mm) than larger ones, since the large colloids were more easily retained even at lower ionic strength.
[33] In applying the classical or modified single collector filtration theory to the design of pathogen removal systems or the movement of beneficial biotic or abiotic colloids, it is important to take into consideration the pore throat size distribution, which can be estimated from the capillary pressure-saturation relationship. An estimate of the ratio of throat to colloid diameters (T/C) can then be used to determine whether the single-collector theory can be applied. Since in most cases the filtration media will consist of rough grains rather than smooth, spherical grains, the collector efficiency is likely to be higher. This can be considered a safety factor in the design, although it may also result in an overdesign.
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